Data from in situ piezocone tests (CPTU) and laboratory analyses are utilized for the interpretation of the stress history of Quaternary sedimentary sequences in the upper continental slope of the Gulf of Lion, northwestern Mediterranean Sea. A CPTU based preconsolidation pressure profile referenced to the current effective stress indicates that the deposit is underconsolidated from 12 meters below the seafloor (mbsf) down to at least 150 mbsf. Excess pore pressure below 12 mbsf is further supported by results from oedometer and dissipation tests. Subseafloor pockmarks and indications of free gas in seismic reflection profiles reveal four main overpressure sources (SI-SIV) with overpressure ratios >0.3 at subseafloor depths coinciding with levels where the dominantly silty-clayey sediment contains increased proportions of sand. We relate the excess pore pressure related to free gas due to gas exsolution processes and sea level variations driven by Pleistocene sea level changes.
Introduction
Fine-grained sediments such as those occurring in continental slope sequences are particularly prone to develop overpressure (pore fluid pressure in excess of hydrostatic pressure) as they usually exhibit low permeabilities (Bolton et al. 1998) . Overpressure drives fluids along permeability pathways and the resulting fluid flow can lower the effective stress of the sediment thus favouring its failure (Dugan et al. 2003; Canals et al. 2004a ).
Excess pore pressure (Δu) can be estimated from the difference between the current vertical effective stress (σ' vo ) and the preconsolidation pressure (σ' p ) as expressed by:
The vertical effective stress σ' vo is defined as the difference between the total vertical stress (σ vo ) and the pore fluid pressure that, considering hydrostatic conditions (u h ), is ρ w gz. The preconsolidation pressure is the highest pressure the deposit (or soil) has ever been submitted.
While it is normally interpreted on the basis of oedometer tests it can be also estimated from in situ tests. Laboratory oedometer consolidation tests are usually conducted on small samples assumed to be undisturbed. However, almost all recovered samples have some degree of disturbance (Grozic et al. 2003; Lunne et al. 2006) and, consequently, the laboratory-derived strength and consolidation parameters may not be entirely representative of the in situ soil conditions. In situ tests are performed under existing stresses and boundary conditions in the field, providing more accurate and reliable results than laboratory tests.
The piezocone test (CPTU) is now the most widely used in situ test for the geotechnical characterization of marine sediments in deepwater. CPTU involves the measurement of the resistance and friction of sediments to steady and continuous penetration of a piezocone penetrometer equipped with sensors for cone tip resistance (q c ), sleeve friction (f s ) and pore pressure (u). These are the three direct CPTU parameters that are recorded continuously with depth during in situ CPTU testing. The near continuous information provided by CPTU direct and derived parameters, as the corrected cone resistance (q t ), is utilized to predict the nature of subseafloor sedimentary sequences and geotechnical properties (Lunne et al. 1997 ). In particular, several empirical formulas allow determining the preconsolidation pressure based on piezocone measurements (Lunne et al. 1997) . Some studies have shown the reliability of obtaining the preconsolidation pressure σ' p for a wide range of clays from the net tip resistance (q net ) (see Appendix A) and the parameter N σt , which relates the corrected cone resistance q t and the vertical effective stress σ' vo to the preconsolidation pressure σ' p (Demers and Leroueil 2002;  see Appendix B). This paper deals with the CPTU characterization of a 150 m thick sedimentary sequence from the upper continental slope in the Gulf of Lion, northwestern Mediterranean Sea. The aim of this work is to exploit preconsolidation pressure σ' p data derived from in sit CPTU tests in order to establish the links between the stress history of such sedimentary sequence and the geological processes that determined its development. The study site was selected on the basis of high resolution seismic reflection data in the fluvial-dominated continental slope of the Gulf of Lion, which holds a continuous sediment record of at least the last 500 kyr (PROMESS1 research project unpublished results; see Sections 2 and 3).
Study area

Geological setting
The Gulf of Lion passive continental margin includes the widest (70 km) continental shelf in the western Mediterranean Sea with the shelf edge at a mean depth of 135 m. The continental slope is dissected by an intricate network of 100-150 km long submarine canyons feeding base-ofslope and rise thick sediment bodies such as the Rhône Deep Sea Fan and the Pyrenean Canyon Deep Sediment Body (Alonso et al. 1991; Berné et al. 1999; Canals 1985; Canals et al. 2004b; dos Reis 2005; Droz 1983; Medimap Group 2005) . Canyon heads and upper courses are cut into the continental shelf and are separated by interfluves (or inter-canyon areas) that are assumed to hold the most continuous, high resolution sedimentary sequences of Quaternary age in the Gulf of Lion's slope. The main sediment source in the study area, accounting for shelf, slope and rise outbuilding, is the Rhône River, with minor inputs from other rivers along the shores of the Gulf of Lion (UNEP/MAP/MED POL 2003).
Outer shelf Quaternary sequences are characterized on seismic reflection profiles by alternating steep and low angle clinoforms that correspond, respectively, to high energy (sand) and low energy (silt) sediments formed during glacial and interglacial cycles (Aloisi 1986; Bassetti et al. 2006; Berné et al. 1999 and 2004; Jouet et al. 2006; Rabineau et al. 2005; Tesson et al. 2000) .
Such outer shelf clinoforms have been attributed to sandy shoreface and muddy offshore deposits, respectively (Berné and Gorini 2005) , and related to 100 kyr glacio-eustatic cycles (Rabineau et al. 2005) . Seaward, along the upper slope interfluves, outer shelf erosional surfaces created during low stands of the sea become correlative conformities, shelf sequences get thicker due to higher accommodation space, and sediment grain size is finer. These fine-grained sedimentary sequences may destabilise under the influence of external triggers .
Site description
The drilling site PRGL1 was located at 42º41'23.30''N and 003º50'15.50''E, at 298 m of water depth, on the uppermost part of the interfluve separating the Aude (or Bourcart) and Hérault submarine canyons, in the western half of the Gulf of Lion, 12 miles off the shelf edge that locally lies at 200 m depth (Fig. 1) .
Preliminary chronostratigraphic and sedimentological data from borehole PRGL1_4 ; see Section 3 below) showed that the drill went through a Pleistocene sedimentary package made of silts and clays in variable proportions with some intercalated sand-bearing layers. Micropaleontological studies at this same site have revealed that the sand-bearing layers contain abundant coarse-grained planktic foraminifera and that they represent condensation levels (Sierro et al. 2005 and . On the basis of seismic velocity analyses, the correlation between seismic reflection profiles crossing the PRGL1 site and borehole data suggests that the main seismic sequences, related to 100 kyr cycles, are bounded by seismic amplitude anomalies caused by the above mentioned condensed layers .
Materials and methods
Borehole information
CPTU in situ testing and drilling of site PRGL1 were made from SRV Bavenit, operated by Fugro Engineers B.V., as part of the EC funded "PROfiles across MEditerranean Sedimentary Systems 1" (PROMESS1) research project. Five boreholes were drilled at site PRGL1 that were named PRGL1_1 to PRGL1_5. Of these, PRGL1_3, PRGL1_4 and PRGL1_5 have been used for this study (Table 1) . CPTU measurements down to 150 mbsf and in situ dissipation tests at four depths were performed in-hole at PRGL1_3. Following sediment coring, downhole logging was done at PRGL1_4 down to 301 mbsf. Sediment samples from PRGL1_4 have been analyzed for grain size and biostratigraphy. Continuous coring for geotechnical purposes was made at PRGL1_5 down to 126.4 mbsf with >95% recovery (Table 1) .
In situ measurements
The CPTU testing technique utilized in our study consists of pushing down the piezocone penetrometer from the seafloor to the targeted subseafloor depth by steps (each implying an individual CPTU test) within the drill hole. The pushing equipment was made of a downhole WISON CPT with a 3 m stroke downhole jacking unit and a thrust capacity of 90 kN. During testing, the WISON CPT is lowered by its umbilical wire to the drill bit level, where it seats and latches into the seating subassembly or seabed frame (Fig. 2a) . The tool is then hydraulically pushed down at a constant rate of 2 cm·s -1 . Upon reaching the maximum stroke of 3 m or the 90 kN thrust capacity, the test is finished and the system depressurized. Successive 3 m long tests allow completing the CPTU profile down to the target depth.
The piezocone penetrometer used in this study is a relatively small instrument with a diameter of 36 mm, a cross-sectional area of 1000 mm 2 , 60º tip apex angle and a 13 cm sleeve (Fig. 2b) .
q c and f s (see Section 1) are measured on two electrical strain-gauge load cells located inside the sleeve (Fig. 2c) . The piezocone penetrometer applied to our study uses a so-called subtraction load-cell arrangement, which allows measurements of the axial forces on the cone and the friction sleeve by compression of two internal strain-gauge load cells. The load cells are in series so that the lower load cell measures q c and the upper load cell measures q c and f s . Therefore, f s is obtained by subtracting q c from the measure by the upper load cell. The pore pressure u can be measured at different locations throughout the piezocone penetrometer: at the cone, u 1 , behind the cone, u 2 , and behind the sleeve friction sensor, u 3 . Pore pressure measurements presented in this paper correspond to u 2 (Fig. 2b) as this location usually provides good stratigraphic detail and dissipation data (Lunne et al. 1997) . q c , f s and u 2 profiles run at PRGL1_3 borehole are shown in Figure 3 .
In situ tests yielded preconsolidation pressure and excess pore pressure data. The direct relationship between the preconsolidation pressure σ' p , through the N σt parameter (see Section 1 and Equation 5 in Appendix B) following Demers and Leroueil (2002) , and the net tip resistance q net , derived from the piezocone tests (see Equation 2 in Appendix A), provided the stress history of PRGL1 site. Continuous P-wave (Vp) measurements were performed by downhole logging at borehole PRGL1_4. The resulting data have been used for estimating a Vp based continuous excess pore pressure profile (see Appendix C). The equilibrium pore pressure has been estimated from in-hole dissipation tests at PRGL1_5 at 11. 7, 32.6, 59.9 and 125.9 mbsf (see Appendix C; see Section 4.3 for details).
Laboratory tests and age model
Of the various laboratory geotechnical tests made on samples from PRGL1 (Sultan et al. 2007 The coarse-grained planktic foraminifera and other sand-size particles, which compose the condensed layers, have been used to calibrate our record to global climatic records. This resulted in an inferred age model (Table 2 ) based on the assumption that coarse-grained condensed units formed at times of rapid sea level rises during global melt-water events, when sediment supply to the upper slope decreased suddenly as a consequence of the flooding of the continental shelf. These melt water events occurred in phase with the longest and warmest
Greenland interstadials of the last 300 kyr at least (Sierro et al. 2005 and . Such an inferred age model (Table 2) is considered accurate enough for the purposes of this paper, and it has been used to calculate average sedimentation rates .
Borehole-seismic data correlation
The vertical positions of data from CPTU and laboratory analyses on seismic reflection profiles have been calculated using MSCL gamma-density shaped P-wave velocities calibrated by interval seismic velocity analysis from in situ measurements in order to convert the meter below sea floor (mbsf) scale from borehole measurements and coring into the millisecond two-way travel time (mstwtt) scale of the seismic reflection profiles. The seismic data were acquired during the "Marion" cruise in year 2000 aboard R/V "Le Suroît". A 24-channel, 300 m long high resolution streamer was used, together with a cluster of mini-GI and GI-guns. The seismic section used in this study corresponds to an amplitude processed multi-channel high-resolution seismic line.
Results
σ' p from laboratory tests
Preconsolidation pressures σ' p obtained following Casagrande's (1936) and Onitsuka's (in Grozic et al. 2003) methods (Figs. 4a and 4b) are shown in Table 3 , where they are labelled σ' pa and σ' pb , respectively. Of these we give more relevance to σ' pb based on Onitsuka's method, which is easier to apply than the Casagrande's one (Grozic et al. 2003) . Figure 4c shows oedometer results obtained from six PRGL1_5 samples (see Section 3.3) named, from shallower to deeper, S3, S8, S9, S14, S15 and S20. Calculated σ' pb values increase with depth, from 90 kPa at 4.3 mbsf (sample S3) to 198 kPa at 45 mbsf (sample S20) ( Table 3 ).
σ' p from piezocone measurements
Following the approach described in Appendix B to calculate a continuous σ' p profile based on piezocone data, six N σt points were calculated from σ' pb , which are 3.4, 5.6, 6.9, 5.9, 4.6 and 4.5 for S3, S8, S9, S14, S15 and S20, respectively. These N σt values combined with grain size distributions allow subdividing the sediment column into 9 intervals in a way that changes in N σt relate to soil type changes (Table 4) . N σt values from σ' pb range from 3.4 to 6.9 (Table 4) , which are consistent with those published by Lunne et al. (1997) and Demers and Leroueil (2002) . N σt values in Table 4 have been used to calculate a continuous σ' p profile ( (2002) cannot be applied to our case since the erosion processes required to generate such an overconsolidation have ever been described in the study area. Therefore, we consider the σ' p based on the site-specific N σt to be the best approach for the upper continental slope in the Gulf of Lion.
Overpressure
Underconsolidation at site PRGL1 is explained by excess pore pressure (Fig. 5c ). According to Equation [6] in Appendix C.1, the excess pore pressure calculated following the site-specific N σt approach indicates that the soil is overpressurized below 12 mbsf down to the borehole bottom.
In order to verify this overpressure, labelled Δu CPTU , we compared it to an Δu profile estimated from P-wave velocity downhole logging measurements at borehole PRGL1_4, Δu LOGS , following Equations [7] to [9] of Appendix C. In consequence, as it appears that Δu LOGS is not consistent with Δu oedo and Δu e , and since no relationship can be established with the general trend of Δu LOGS and grain size, we have decided to discard Δu LOGS . Table 5 summarizes Δu values as derived from oedometer and dissipation tests.
Down to 12 mbsf the adimensional ratio of the overpressure magnitude λ * ( Fig. 6 ; see Appendix C.1) responds to σ' p <σ' vo ( Fig. 5a and 5b) and, thus, to the presence of overpressure. Below this depth λ * allows differentiating two main units: (i) from 12 to 72 mbsf, characterized by variable λ * with predominance of λ * >0.3, and (ii) a lower unit from 72 mbsf to the borehole base at 150 mbsf, with λ *~0 .3 (Fig. 6) . The boundary at 72 mbsf coincides with a clear decrease in the sand content in both the bulk (BF) and the carbonate free fractions (CFF) (Fig. 8) . The unit from 12 to 72 mbsf contains average sand contents of 1.8% (BF) and 2.8% (CFF), with maximum values of 11.80% (BF) and 5.96% (CFF), whereas in the lower unit the averages are 0.44% (BF) and 1.5% (CFF), with maximum values of 2.36% (BF) and 8.91% (CFF) (Fig. 8 ). From this, we infer that small augmentations in the sand content may lead to significantly higher overpressures (higher λ * ).
The lower and upper bound shear strength (Su min and Su max , respectively) were calculated from the net tip resistance q net and the factor N k equal to 15 and 10, respectively (Appendix C.2).
Su min , Su max and in situ shear vane measurements published in Sultan et al. (2007) were used for calculating the Shansep factor α s (Fig. 9 ). This factor allows the evaluation of the consolidation by normalizing the shear strength Su with respect to effective vertical stress σ' v0 . Values lower than 0.25 indicate underconsolidation and upper values overconsolidation (Tanaka et al. 2002) . α s values of in situ vane measurements and Su min obtained at PRGL1 are lower than 0.25, which confirms the presence of underconsolidation below 9 and 20 mbsf, respectively. This indicates that overpressurized sediments appear at some depth between 9 and 20 mbsf, which is in agreement with our boundary between overconsolidated and underconsolidated sediments at 12 mbsf.
Discussion
Stress history related to geological processes
In our PRGL1 site we have found both overconsolidated sediments in the upper 12 m and underconsolidated sediments below. Overconsolidation in marine sediments has been related to erosion and to ice sheet degrounding resulting in the removal of overburden pressure (Craig 2005) . While overconsolidation in the study area cannot be attributed to ice sheet dynamics (Lowe and Walker 1984) , no evidences of erosion have been found in the PRGL1 site (Berné et al. 2004) . Therefore, other mechanisms should account for the overconsolidation of the uppermost section of PRGL1. One acceptable hypothesis is the ageing effects related to cementation, bioturbation and physico-chemical changes that have been described in marine environments (Baraza et al. 1990; Mitchell 1976; Poulos 1998; Silva and Bryant 2000; Sultan et al. 2000) .
On the other hand, underconsolidation of marine sediments is usually associated with excess pore pressure. A well known example is the rapid sediment loading, e.g. >1mm yr -1 in the Gulf of Mexico (Expedition 308 Scientists, 2005) , that favours overpressure development in the sediment column as fast burial by fine sediment fluxes prevents fluids to escape. The fluids thus bear some of the overburden pressure and delay the normal consolidation process, which leads to underconsolidation (Gordon and Flemings 1998).
We have estimated by back analysis the excess pore pressure generated by sediment loading (Δu s ) and the stress state at PRGL1 (see Appendix C.1 for the details on the procedure followed). Our results suggest that the averaged sedimentation rates at PRGL1 site (Table 6) are not high enough to generate the required overpressure, i.e. Δu s only explains ~ 1% of the total excess pore pressure found in the study area (Fig. 6 ).
Other sources of excess pore pressure reported in the literature are gas hydrates (Jansen et al. 1987) , and the decomposition of the organic matter that can result in the generation of free gas and thus excess pore pressure (Orange et al. 2005) . However, temperature and pressure conditions prevent the development of gas hydrates in the study area (Kvenvolden 2000) .
Excess pore pressures may be also triggered by earthquakes, as found in the Norwegian continental margin (Solheim et al. 2005) , but the study area is seismically quiet (Grüntal et al.
1999).
The presence of pockmarks in the study area, with a large one extending deep into the sedimentary column at the location of PRGL1, and of high amplitude values in seismic reflection profiles (Berné et al. 2006 and our Fig. 8) suggest the presence of free gas that could account for the generation of the observed excess pore pressure.
It is known that overpressure may appear in sand-bearing layers interbedded within low permeability sediment packages preventing fluids to escape (Magara 1978.) . The PRGL1 λ* profile displays quasi-constant low overpressure values (λ*~0.3) at the lower unit, from 72 mbsf to the borehole base, and higher values (λ*>0.3) along most of the unit above, from 72 to 12 mbsf. We associate this specific overpressure profile to four overpressure sources, SI to SIV from bottom to top, with λ*>0.3, that correspond to depth levels where the dominantly siltyclayey sediment contains increased proportions of sand (Fig. 8) .
Seismic reflection profiles crossing the PRGL1 site show high amplitudes at the depths of overpressure sources SI, SII, SIII and SIV that could indicate (i) overpressure due to the presence of free gas and/or (ii) low P-wave velocity also generated by the presence of free gas (highest seismic amplitudes in Fig. 8 ). These depth levels show relatively high sand contents (mainly in the CFF) and are characterized by an increased cone resistance (q c ) and a reduced pore pressure (u 2 ) (Fig. 10 ) due to the permeability of sand. Other levels displaying similar sand contents do not show equivalent high amplitudes in the seismic reflection profiles. Some disrupted reflectors from 150 mbsf to the seafloor in the seismic reflection profile of Figure 8 indicate vertical fluid migration, likely of free gas. This observation supports the existence of a link between overpressure and free gas from SI upwards, as related to the pockmark in the seismic reflection profile in Figure 8 .
The convex shape of the λ* profile from 33 to 72 mbsf suggests that fluid flow and overpressure generation from SII and SIII occurs in all directions whereas from SIV only upwards fluid migration is possible due to λ*<0.3 values likely related to a relative low permeability layer from 27 to 33 mbsf.
The excess pore pressure related to free gas could be explained by gas exsolution processes and sea level variations driven by global climate oscillations. Sea level falls cause a reduction in hydrostatic pore pressure that lowers the gas solubility and results in gas exsolution. The exsoluted gas will then accumulate preferentially in relatively more porous (i.e. sand-bearing) layers interbedded within less permeable (i.e. without sand) layers. In contrast, during sea level rises, the increase in the hydrostatic pressure dissolves free gas in the water would therefore decrease the excess pore pressure. According to this, the four main sources of overpressure (SI to SIV) found in sand-bearing layers could be linked to millennial scale sea level changes and gas exsolution.
Overpressure and sea level variations
In Figure 11 , we compare sand contents (BF and CFF), depth of main overpressure sources and the sea level curve of Sidall et al. (2003) . The 150 meters long sedimentary sequence described in this paper represents about 340 kyr (336 kyr at 159.98 mbsf as shown in Table 2 ) during which overall decreasing sea level fall periods occupy a much longer cumulative time period than sea level rises.
Our inferred age model (Table 2 ) allows assigning ages to the main overpressured layers. The age of SIV is 24-26 kyr old, SIII is 33-38 kyr old, SII is 46-55 kyr old, and SI is 220-238 kyr old. According to the general sea level curve in Figure 11 , SIV and SIII correspond to relatively high stillstands, SII to the highstand part of a secondary rise and fall event, and SI to a high sea level followed by a pronounced lowering. Therefore, though SIV, SIII and SII occurred during the decreasing sea level falling trend from 123 to 20 kyr, they all represent intervals of relatively high sea level preceding lowering phases.
The aforementioned suggests that sand-bearing intervals SI to SIV were deposited under relative highstands and subsequent sea level falls might generate excess pore pressure by gas exsolution. Therefore, the overpressure source SI would relate to the sea level peak and fall from 238 to 220 kyr, to the dissolution period from 220 to 193 kyr and to a first exsolution period from 193 to 130 kyr, and to a later dissolution period from 130 to 123 kyr and a second exsolution period during the general sea level fall from 123 to 20 kyr (Fig. 11) . Overpressure source SII would be linked to the decrease in sea level from 50 to 38 kyr, 33 to 26 kyr and 24 to 20 kyr, SIII to the decrease from 33 to 26 and 24 to 20 kyr, and SIV to the decrease from 24 to 20 kyr, in agreement with the findings of Jouet et al. (2006) in the same area.
The highest excess pore pressure is to be expected at level SI as the dissipation of the excess pore pressure is proportional to the square of the drainage distance that in this case is the distance to the seafloor. Therefore, for the same initial excess pore pressure, SIV would dissipate the excess pore pressure much earlier than SI. However, successive phases of exsolution and dissolution (during sea level rises) would explain lower λ* values for SI.
Compared to SI, the different history of SII to SIV, which have been affected by only one major sea level rise (the one following the last deglaciation from 20 kyr to present), would explain the higher excess pore pressure found above 72 mbsf (Fig. 8) . Indeed, this particular depth coincides with the highstand at 123 kyr, supporting the idea that gas in layers below 72 mbsf was significantly affected by dissolution processes from 130 to 123 kyr. An additional relevant factor that may justify the higher excess pore pressures at the upper levels SII to SIV with respect to SI is the volume change of free gas due to a decrease of the hydrostatic pressure: for a given decrease of the hydrostatic pressure Δu h , the volume change of the free gas (or the excess pore pressure) decreases with depth as it depends on Δu h /u h 2 where u h is the hydrostatic pressure at a given depth.
The excess pore pressure generated by gas exsolution is considered to take place during the whole sea level fall process. Therefore the excess pore generated by gas release and exsolution from sandy layers could be considered as a continuous flow during the whole sea level fall process (Appendix D.1). By considering the level SI and for a mean of the hydraulic diffusivity D h of 5.10need around t 93% = 3960 years for a drainage distance of 25 m and t 93% =90000 years for a drainage distance of 120 m.
A simple calculation was also carried out to evaluate the time needed for the dissipation process of the pore pressure during the last sea level rise for the whole sedimentary profile (Appendix D.2). Three λ* profiles at 20 kyr, 10 kyr and 0 kyr were calculated and are presented in Figure   12a . For the considered sediment profile with the hydraulic diffusivities values presented in Figure 12b , it is clear that 20 kyr is not enough to dissipate the excess pore pressure generated by gas exsolution.
It is not known how fast gas exsolution responds to decreases in the hydrostatic pressure during sea level falls, nor how fast dissolution increased under the high hydrostatic pressure of both the 123-116 kyr highstand interval and the present-day highstand. Notwithstanding, we think likely that part of the present day excess pore pressure corresponds to the pore pressure generated during previous sea level falls and lowstands. The inherited excess pore pressure possibly is proportional to the cumulated time difference between slow, punctuated sea level falls and much faster sea level rises (Fig. 11 ). Gas exsolution during sea level falls increases the gas saturation and generates upward migration of the free gas. Shallower layers are, therefore, submitted to local gas exsolution but also to the migration of deep overpressured gas. The migration of the free gas is proportional to the time length of sea level falls. During the quick sea level rises (Fig.   11 ), residual excess pore pressure may exist as migrated gas partially saturating shallower sandbearing layers exceeds gas solubility under the new hydrostatic conditions induced by high sea level. The presence of pockmarks in the study area is a clear indication of the significance of gas migration, which occurred mainly during sea level falls.
Conclusions
The stress history at PRGL1 site has been reconstructed from empirical correlations based on CPTU measurements and derived preconsolidation pressures, which are consistent with results from oedometer tests and dissipation tests. By relating the CPTU based preconsolidation pressure and the current vertical effective stress, an excess pore pressure has been found from 12 mbsf down to the borehole bottom at 150 mbsf. Our data show that such an excess pore pressure is mainly fed by four overpressure sources corresponding to sand-bearing layers within an upward gas migration setting related to pockmark development. We link the observed overpressure situation to persistent hydrostatic pressure diminutions causing gas exsolution Paillard et al., 1996) on the basis of a preliminary age model from Sierro et al. (2006) . Values have been rounded to the first decimal wherever needed. See details in main text Section 3.3. and Onitsuka's (σ' pb ) methods, respectively. Table 4 . Interval values of the site-specific N σt compared to averaged grain size data. BF: bulk sediment fraction. CFF: carbonate free sediment fraction. Note that the sand and silt fractions are higher in the carbonate free subsamples than in the bulk samples for all intervals. Group (2005) . 100 m contour equidistance unless otherwise indicated. Names after Canals (1985) . Figure 4b displays the bi-logarithmic method of Onitsuka for obtaining σ' pc , based on the intersection of the straight-line BC and the straight-line EF. Figure 4c shows the curves obtained from the six oedometer tests on samples S3, S8, S9, S14, S15 and S20 (see Tables 3 and 5 ). Figure 5c shows a detail of the excess pore pressure (σ' p <σ' vo ) found from 12 mbsf down to the borehole bottom. Figure 6 . Excess pore pressure (Δu) and overpressure ratio (λ*) at PRGL1 site. Δu oedo measurements are derived from oedometer tests, Δu CPTU from in situ tests, Δu e from dissipation tests, and Δu LOGS from the P-wave downhole logging profile. Figure 7 . Equilibrium pore pressure (Δu e ) measured during CPTU dissipation tests. Figure 7a corresponds to dissipation test DT1 at 11.7 mbsf, Figure 7b to dissipation test DT2 at 32.6 mbsf and Figure 7c to dissipation test DT3 at 59.9 mbsf. and a reduced pore pressure (u 2 ) due to the permeability of sand. Figure 11 . Sand contents and overpressure sources at site PRGL1 compared to sea level oscillations from Sidall et al. (2003) . Sand contents correspond to both the bulk fraction (BF) and the carbonate free fraction (CFF). The borehole depth scale has been converted into an age scale after the inferred age model in 
A.1. CPTU background information
Corrections and derived parameters: Due to the geometric design of the piezocone penetrometer, the pore pressure acts on the shoulder above the tip and at both ends of the friction sleeve. This influences the total stress measured from the cone tip resistance, q c , and the sleeve friction, f s . This is known as the "unequal area effect" (Lunne et al. 1997) . CPTU data are interpreted by using derived parameters, such as corrected tip resistance, q t (Equation 1), which accounts for avoiding the unequal area effect. In fine-grained sediments, q c , f s and u tend to increase with increasing overburden stress, resulting in a false change in the CPTU soil type classification. To solve this problem, the direct CPTU parameters are usually normalized, being the net tip resistance, q net (Equation 2) and the normalized tip resistance, Q t (Equation 3) useful parameters for stratigraphic interpretations:
where a is the cone area ratio of the cross-sectional area at the gap between cone and friction sleeve to the cone base area, which is 0.75 in this study. σ vo is the total in situ vertical stress relative to seafloor and σ' vo , the vertical effective stress.
Dissipation tests:
The piezocone can be stopped at any depth during penetration and this allows monitoring the variation with time of the measured parameters. Dissipation curves are used for estimating the equilibrium pore pressure, which is the in situ pore pressure, by relating the measured pore pressure with 1/time of dissipation.
A.2. Grain size analyses
The grain size data presented in this study were obtained with a Coulter LS100 Laser Particle Size Analyser. Sampling frequency was each 80 cm. Grain size analyses were done on the bulk fraction (BF) and on the carbonate free fraction (CFF). Carbonate was removed by attack with HCl 10%. Sand ( >63 μm), silt (2-63 μm) and clay (<2μ m) fractions were determined. The clay fraction underestimation attributed to difractometers like the Coulter Counter if compared with results from pipette analysis (McCave et al. 1995) was corrected following Konert and Vandenberghe (1997) . Therefore, the Coulter Counter fraction <8 μm was considered equivalent to the <2 μm pipette analysis fraction, while the 8-63 μm Coulter Counter fraction was considered equivalent to the 2-63 μm pipette fraction.
Appendix B
Methodology for CPTU and laboratory based stress history analysis
Definition of preconsolidation pressure and overconsolidation ratio: If the present vertical effective stress (σ' vo ) is the highest the soil has ever been submitted, i.e. the preconsolidation pressure (σ' p ), the soil is normally consolidated. If some time in the past the effective stress has been larger than the present one, the soil is overconsolidated. If the present vertical effective stress is less than it should be according to the burial depth of the investigated sediment layer, then it is underconsolidated. The highest past vertical effective stress divided by its present value is known as the overconsolidation ratio (OCR), as Equation [4] shows:
where σ' vo is the vertical effective stress considering hydrostatic conditions (σ' vo = σ vo -u h ). If OCR > 1 the soil is overconsolidated; if OCR = 1 the soil is normally consolidated; if OCR < 1 the soil is underconsolidated.
CPTU approach: Based on the evaluation of the existing methods for estimating σ' p from CPTU data published by Demers and Leroueil (2002) , a continuous, site-specific N σt profile has been determined. For this, the N σt derived from the σ' p estimated from the oedometer tests has been related to changes in grain size distributions. This approach is derived from the following expression:
Appendix C
C.1. Overpressure and related concepts
Overpressure and excess pore pressure: Overpressure exists when there is an excess pore pressure, Δu, which is interpreted as the difference between the current effective stress (σ' vo ) and the preconsolidation pressure (σ' p ), as follows:
and the final sediment height:
where λ is the compression index, e o a reference void ratio at a reference vertical effective stress σ' vo , and σ' v the effective stress (definitions already provided). Here σ' v corresponds to the notation σ' vo used in Equation [3] in Appendix A, [4] in Appendix B and [6] in Appendix C.
C.2. Shear strength from CPTU data
An estimate of the undrained shear strength Su can be deduced from the following equation:
We have calculated the lower and upper boundaries of Su by using the empirical cone factor N k equal to 15 and 10, respectively (Lunne et al. 1997) .
Appendix D
D.1. Gas release and exsolution as a continuous flow
The time dissipation t of this pore pressure depends mainly on 2 key parameters: the longest drainage distance h and the hydraulic diffusivity D h :
where T v is a non-dimensional time factor. T v was given as a function of the degree of dissipation by Casagrande (1936) and Taylor (1948) . For a degree of dissipation of 93%, T v is equal to 1.
D.2. Dissipation of the pore pressure
The key differential equation used for this process was given by Terzaghi (1943) :
where u is the pore water pressure, t is time and z denotes the position where u is determined.
Notations
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